For many small mammals, survival over the winter months is a serious challenge because of low environmental temperatures and limited food availability. The solution for many species, such as thirteen-lined ground squirrels (Ictidomys tridecemlineatus), is hibernation, an altered physiological state characterized by seasonal heterothermy and entry into long periods of torpor that are interspersed with short arousals back to euthermia. During torpor, metabolic rate is strongly reduced to achieve major energy savings, and a coordinated depression of non-essential ATP-expensive functions such as protein synthesis takes place. This study examines the mammalian target of rapamycin (mTOR) signaling pathway, a crucial component of the insulin receptor network, over six stages of the torpor-arousal cycle of hibernation. Immunoblots showed that the phosphorylation state of mTOR Ser2448 was strongly reduced in skeletal muscle (by 55%) during late torpor but increased by 200% during early arousal compared with euthermia. However, the phosphorylation state of this residue remained relatively constant in cardiac muscle during torpor but was enhanced during entrance into torpor and early arousal from torpor stages (by 2.9-and 3.2-fold, respectively). Phosphorylation states of upstream regulators of mTOR, p-Akt Thr473 and p-TSC2
INTRODUCTION
For many small mammals, survival during the winter months is a serious challenge because of low environmental temperatures and limited food availability. As part of their survival strategy, many species endure the winter by hibernating. Hibernation is an altered physiological state that is characterized by seasonal heterothermy and highlighted by extreme metabolic rate depression (Carey et al., 2003) . Rodents such as the thirteen-lined ground squirrel, Ictidomys tridecemlineatus, exhibit this phenotypic plasticity: during torpor, metabolic rate is strongly depressed, physiological actions such as breathing and heartbeat fall to low levels, and body temperature is allowed to drop to near-ambient levels (McArthur and Milsom, 1991) . Overall, metabolic rate in torpid animals is often reduced to <5% of resting metabolic rate in euthermia and, by hibernating, ground squirrels may conserve nearly 90% of the energy that would otherwise be used if the animals remained euthermic all winter (Wang and Wolowyk, 1987) . Metabolic inhibition includes both global controls that provide overall strong reduction in energyexpensive cell functions such as ion pumping, transcription, translation, etc., and targeted regulation of selected cell functions in order to reprioritize energy (ATP) use and production during torpor (MacDonald and Storey, 1999; Morin and Storey, 2006; Yan et al., 2008; Storey and Storey, 2007) .
One of the most energy-expensive processes in cells is protein synthesis, and this is a key target for regulation in all forms of hypometabolism (Storey and Storey, 2007; Storey and Storey, 2010) . Indeed, Frerichs et al. (Frerichs et al., 1998) showed that the rate of protein synthesis in vivo in the brain of torpid ground squirrels was just 0.04% of that in active squirrels. In the same study, ribosomal disaggregation along with increased eukaryotic initiation factor 2- (eIF2-) phosphorylation during hibernation was also observed, reinforcing a decreased capacity for the initiation of protein synthesis (Frerichs et al., 1998) . The molecular mechanisms that control protein synthesis are well studied. The translational machinery responds to multiple extracellular signals (e.g. insulin, mitogenic growth factors) that stimulate the phosphoinositide 3-kinase (PI3-K)/Akt/mammalian target of rapamycin (mTOR) pathway (Ruggero and Sonenberg, 2005; Yang and Guan, 2007) . In addition, the mTOR signaling pathway responds to other stimuli such as energy status (via the AMP-activated protein kinase) and amino acid availability (through interaction with Rag GTPase) (Yang and Guan, 2007; Kim et al., 2008) .
The mTOR signaling pathway integrates inputs from several kinase cascades that are themselves responsive to different inputs (e.g. amino acid or energy availability, growth factors, etc.) (Tokunaga et al., 2004) . mTOR is able to form two independent complexes, mTORC1 and mTORC2, both with distinct properties and functions that are characterized based on their interacting proteins (Foster and Fingar, 2010) . The mTORC1 complex plays a major role in regulating cellular growth by promoting protein synthesis via the activation of p70 S6 kinase (p70
S6K
) and inhibition of the eukaryotic translation initiation factor 4E-binding protein 1 mTOR signaling regulation in hibernators (4E-BP1) (Ma and Blenis, 2009) . Through downstream targets of p70 S6K and 4E-BP1, mTORC1 regulates the rate of ribosomal binding and assembly, which is considered to be the rate-limiting process of translational initiation (Matthews et al., 2000) . The regulation of mTORC1 is of particular interest because of its ability to regulate energy consumption based on nutrient availability, which is especially crucial during the non-feeding hibernation season when availability of amino acids for new protein synthesis is limited. mTOR is part of a signal transduction pathway that is initiated at the insulin receptor, with Akt being a direct upstream regulator (Fig.1) . The role of Akt in mTOR regulation was established based on its ability to phosphorylate and inactivate the TSC1-TSC2 complex, a well-known inhibitor of mTOR kinase activity (Inoki et al., 2002) . The TSC1-TSC2 complex forms a GTPase activating protein (GAP) that stimulates the intrinsic activity of Rheb:GTP, catalyzing the cleavage of Rheb:GTP to form Rheb:GDP (Fig.1 ) (Huang and Manning, 2008) . The conversion to a GDP-bound Rheb results in the loss of its GTPase activity, and the loss of its ability to stimulate mTORC1, rendering mTORC1 inactive. However, under a state of growth promotion, activated Akt inhibits the TSC1-TSC2 complex through phosphorylation of TSC2 at Thr-1462 (McManus and Alessi, 2002) . The Akt-mediated phosphorylation of TSC2
Thr1462 inhibits the function of TSC1-TSC2 complex by destabilizing the TSC2 proteins, and disrupting complex stability (Inoki et al., 2002) . More recently, the discovery of Akt regulation of a proline-rich Akt substrate of 40kDa (PRAS40), an inhibitor of the mTORC1 complex, suggests that Akt is able to regulate mTOR kinase activity through multiple effectors (McMullen and Hallenbeck, 2010) . Akt stimulates the activation of mTORC1 via phosphorylation of PRAS40, an interacting partner of regulatory associated protein of TOR (RAPTOR) (McMullen and Hallenbeck, 2010) . PRAS40 inhibits the mTORC1 complex by sequestering RAPTOR, inhibiting the interaction of mTORC1 and its downstream targets, p70 S6K and 4E-BP1. However, upon Akt-mediated phosphorylation of PRAS40 Thr246 , PRAS40 loses affinity for RAPTOR, allowing the restoration of the mTOC1 complex (McMullen and Hallenbeck, 2010) .
Regulation of translational capacity has been linked to the mTOR signaling network in a wide range of species (e.g. yeast, nematodes, Drosophila and mammals) (reviewed in Hay and Sonenberg, 2004) . Previous studies have also shown that environmental stresses such as hypoxia (which limits ATP availability) cause inhibition of mTOR signalling, which leads to suppression of protein synthesis via disruption of cap-dependent initiation of translation (Connolly et al., 2006) . The present study provides biochemical data that demonstrate that reversible regulation of the mTOR signaling network also occurs over the torpor-arousal cycle of hibernation, providing a means of global protein synthesis inhibition during torpor. Furthermore, we show that the mTOR signaling network is differentially regulated in two muscle types: mTOR is negatively regulated in skeletal muscle during torpor, but maintained at euthermic levels in cardiac muscle. This pattern of mTOR regulation in the two muscle types reflects their physiological states during hibernation -an atrophy-susceptible skeletal muscle versus a cardiac muscle that undergoes hypertrophy (Wickler et al., 1991) . Overall, this study provides new insights into the molecular mechanisms that can regulate muscle protein synthesis during ground squirrel hibernation.
MATERIALS AND METHODS

Animal treatments
Animal studies were conducted as previously described by McMullen and Hallenbeck (McMullen and Hallenbeck, 2010 To enable a natural transition into torpor, animals were transferred to constant darkness in an environmental chamber at 4-5°C. Body temperature (T b ), time and respiration rate were monitored and used to determine the stage of torpor-arousal cycle. All animals had been through several torpor-arousal bouts prior to sampling at a set stage. Animals were euthanized and samples of hindlimb thigh muscles and whole heart were collected at six different time points defined by T b , duration of torpor and respiration rate: (1) euthermic in the cold room (EC) [euthermic squirrels had a stable T b (34-37°C) for at least 3days, and were capable of entering torpor but had not done so in the past 72h]; (2) early entrance into torpor (EN) (T b falling with sampling between 31 and 18°C); (3) early torpor (ET) (T b of 5-8°C for <24h); (4) late torpor (LT) (T b of ~5-8°C for >5days); (5) early arousal (EA) (T b rising to ~12°C with a rapid increase in respiration ≥60breathsmin ; and (6) interbout arousal (IA) (T b returned to ~34-37°C for at least 18h after at least 3days of torpor). Animals were sampled as described in McMullen and Hallenbeck (McMullen and Hallenbeck, 2010) and tissues were shipped to Carleton University on dry ice and stored at -80°C until use. ) through its interaction with RAPTOR. The inability of mTORC1 to phosphorylate its downstream substrates 4E-BP1 and p70
S6K can arrest formation of the active translational complex (Hay and Sonenberg, 2004 Tris-base, 4% w/v sodium dodecyl sulphate (SDS), 20% v:v glycerol, 0.2% w:v bromophenol blue, 10% v:v 2-mercaptoethanol] and boiled for 5min. A 30g aliquot of protein was loaded into each well and run on SDS-PAGE gels (6-15%, depending on the protein being separated) for 60-120min at 180V. Proteins were then wet transferred onto polyvinylidene fluoride (PVDF) membranes in transfer buffer solution (25mmoll -1 Tris pH8.5, 192mmoll -1 glycine, 10% v:v methanol) for 90min at 320mA. Following the transfer, membranes were blocked with 5% milk dissolved in Tris-buffered saline with Tween-20 (TBST; 50mmoll -1 Tris-HCl, 150mmoll -1 NaCl, 0.05% v:v Tween 20, pH6.8) for 15min. Membranes were then probed with primary antibodies (1:1000 v:v dilution with TBST) overnight at 5°C. Primary antibodies used were rabbit polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Santa Cruz Biotechnology, SC-25778, Santa Cruz, CA, USA), rabbit polyclonal anti-p-Akt Ser473 (GenScript, A00272, Piscataway, NJ, USA), rabbit polyclonal antip-TSC2 Thr1462 (Abgent, AP3471A), rabbit polyclonal anti-mTOR (GenScript, A01154), rabbit polyclonal anti-p-mTOR Ser2448 (GenScript, A00643), rabbit polyclonal anti-p-4E-BP Thr36 (GenScript, A00329), rabbit polyclonal anti-p-S6 ribosomal protein Ser235 (GenScript, A00315), rabbit polyclonal anti-p-P70 S6K Thr389 (Santa Cruz Biotechnology, SC-11759), rabbit polyclonal anti-GL (Cell Signaling, 3274S, Boston, MA, USA) and rabbit polyclonal anti-p-PRAS40 Thr246 (Santa Cruz Biotechnology, SC-32629). Subsequently, membranes were incubated with HRP-linked anti-rabbit IgG secondary antibody (1:4000 v:v in TBST) for 1h, and immunoblots were developed using enhanced chemiluminescence (ECL) reagents. Following quantification of immunoblots, membranes were stained with Coomassie Blue.
Data and statistical analysis
Western blot band densities were analyzed using a ChemiGenius Bio-Imaging System with GeneTools software (SynGene, Fredrick, MD, USA). Immunoblot bands in each lane were standardized against a group of Coomassie-stained proteins that did not show any variation between experimental states and were not near the molecular weight of the protein of interest. This method was validated by immunoblotting of a housekeeping gene (GAPDH) that showed stable expression in both skeletal and cardiac muscle samples over all experimental states as well as when expressed relative to the combined density of the group of Coomassie-stained protein bands. EC samples of N4 were also loaded on all the gels as an internal reference. Western blot data were expressed as mean normalized band densities (±s.e.m., N4-5 independent samples from different animal) and were plotted relative to the mean density of four EC (control) values, which was arbitrarily set to one. Statistical analysis of time course C.-W. Wu and K. B. Storey data was carried out using one-way ANOVA with a post hoc Holm-Sidak test (SigmaPlot statistical package, Systat Software, San Jose, CA, USA). EC vs LT data were analysed using the Student's t-test.
RESULTS mTOR and phosphorylated mTOR status during hibernation
The mTOR signaling pathway plays a crucial role in regulating cellular growth and proliferation by directly regulating protein synthesis. Previous studies have shown that mTOR is a central player in a kinase cascade that promotes ribosome assembly in response to a variety of stimuli (Wang and Proud, 2006) . Total levels of mTOR protein (immunoreactive band at 290kDa) were compared under two conditions: euthermic in the cold room (EC) and late torpor (LT; >5days constant torpor). Western blots showed no significant changes in total protein levels of mTOR in either cardiac (mean normalized values were 1.00±0.07 vs 0.82±0.07 relative band intensity units in EC vs LT) or skeletal (1.00±0.17 vs 0.84±0.12) muscle between the two states (Fig.2) . However, mTOR is well known to be regulated by auto-phosphorylation at Ser-2448 and so relative changes in phosphorylation state were monitored over the six torpor-arousal stages. Fig.3A shows changes in p-mTOR Ser 2448 in skeletal muscle. Relative p-mTOR Ser2448 levels were unchanged during entrance (EN) and early torpor (<24h) but decreased by 55% during LT. However, during arousal from torpor (EA), p-mTOR Ser 2448 increased rapidly to 2.0-fold higher than EC values (or fourfold higher than LT) (P<0.05) before beginning to decline during interbout (IA). Cardiac muscle showed a different pattern ( Fig.3B ): p-mTOR Ser2448 content increased strongly during EN (by 2.9-fold; P<0.05), decreased again during torpor, and then rose strongly by 3.2-fold during arousal (P<0.05) before declining in IA. To determine whether differential phosphorylation of mTOR over the course of torpor-arousal was controlled by upstream regulators, we next assessed the phosphorylation state of TSC2, a known inhibitor of mTOR phosphorylation. Phosphorylation of Thr-1462 on TSC2 is regulated by Akt to destabilize the TSC1-TSC2 dimer, an inhibitory complex of mTOR phosphorylation. Fig.3A shows that in skeletal muscle the relative level of phosphorylation of the 200kDa TSC2 at Thr-1462 was unchanged over most of the torpor-arousal cycle except for a 51% decrease during LT as compared with EC (P<0.05), a response that paralleled that of pmTOR
Ser2448
. However, in cardiac muscle, p-TSC2 Thr1462 content did not change over the torpor-arousal cycle. To determine whether Akt was a potential mediator of TSC2 Thr1462 phosphorylation in LT, the relative phosphorylation of Akt was assessed at Thr-473. pAkt Thr473 (60kDa) content decreased strongly by 55% in skeletal muscle during LT compared with EC (P<0.05), but was not affected in cardiac muscle (Fig.4) .
Regulation of the mTORC1 complex
The mTORC1 multi-protein complex is responsible for regulating the formation of active ribosomal complexes for protein translation. To assess the status of the mTORC1 complex during hibernation, two key interacting proteins in the mTORC1 complex were evaluated: PRAS40 and GL. PRAS40 interacts with RAPTOR in the mTORC1 complex and inhibits the mTORC1 complex when dephosphorylated. As shown in Fig.3A , the relative phosphorylation level of p-PRAS40 on Thr-246 (40kDa) in skeletal muscle increased significantly by 1.2-fold during EN, and then fell during torpor and rose again by 1.4-fold during EA. However, in cardiac muscle, significant changes in the phosphorylation state of PRAS40 Thr246 occurred only in EA, when levels increased by 1.9-fold before returning to near-control levels in IA. Another crucial subunit of the mTORC1 complex is GL, a protein that stimulates mTOR kinase activity. Fig.3A shows that total levels of GL (37kDa) in skeletal muscle increased significantly by 1.8-fold during EN compared with EC, but were then strongly reduced when torpor was established, decreasing to 69% of the EC value during LT. However, during arousal, GL content quickly rose again in EA to 1.5-fold higher than the control value before returning to near-EC values during IA. In cardiac muscle, GL total protein was relatively stable throughout the hibernation cycle, showing no significant changes from the EC values (Fig.3B) .
Phosphorylation of downstream targets of mTOR
To assess the effects of differentially regulated mTOR signaling over the torpor-arousal cycle, the phosphorylation status of two wellknown mTORC1 downstream targets were evaluated as indicators of mTORC1 kinase activity: p-4E-BP1
Thr36 and p-p70 S6K Thr389
. Both 4E-BP1 and p70 S6K are known to play major roles in the assembly of the translation complex, and act as the major mechanism of mTOR-mediated translational control. In skeletal muscle, the relative level of p-4E-BP1 Thr36 (~17kDa) was strongly reduced during torpor, falling by 66% and 72% in during ET and LT, respectively, as compared with EC (P<0.05; Fig.5A ). However, the phosphorylation state of 4E-BP1 Thr36 in heart was unchanged during EN and throughout torpor but increased strongly by 1.8-fold during EA, as compared with EC (P<0.05; Fig.5B ). Levels returned to near control values during IA.
The relative phosphorylation of p70 S6K Thr389 (70kDa) in skeletal muscle was unchanged over EN and torpor but increased significantly by 2.0-fold during EA (P<0.05) before returning to control levels in IA (Fig.5A) compared with EC (P<0.05) before dropping again in IA (Fig.5B) . To determine whether changes in the phosphorylation state of pp70 S6K Thr389 influenced the formation of the translational complex, the phosphorylation state of the S6 ribosomal protein on Ser-235 was also evaluated. In skeletal muscle, phosphorylation of S6 Ser235 (32kDa) decreased significantly during torpor by 43 and 41% in ET and LT, respectively, compared with EC (P<0.05; Fig.5A ). Levels returned to control values during arousal. In cardiac muscle, however, phosphorylation of S6 Ser235 was unchanged throughout torpor but increased by 1.4-fold in EA compared with EC (P<0.05) before decreasing again in IA.
DISCUSSION
The ATP demand of protein synthesis consumes 12-25% of total energy expenditure in mammalian muscle (Kelly and McBride, 1990; Rolfe and Brown, 1997) . Reducing this energetically expensive cellular process can make an important contribution to global metabolic rate depression during hibernation and other states of hypometabolism (Frerichs et al., 1998; Storey, 2010) . The mTOR signaling pathway regulates 5Ј cap-dependent protein synthesis in mammals, the route that accounts for the majority of cellular translation (Carrera, 2004) . Through regulation of 4E-BP1, a direct downstream substrate of mTOR, cap-dependent protein synthesis is inhibited via attenuation of eukaryotic translation initiation factor 4E (eIF4E) action in translational initiation (van Breukelen et al., 2004) . Because the mTOR signaling pathway is a major regulator of cap-dependent protein synthesis, this pathway may be subject to reversible regulation during torpor in order to limit non-essential ATP-consuming processes.
A major upstream regulator of the mTOR signaling pathway is Akt, a central protein kinase that is involved in regulating a wide variety of cellular processes including cell survival and proliferation C.-W. Wu and K. B. Storey (Song et al., 2005) . Previous studies have shown that Akt activity is suppressed during torpor in multiple tissues of ground squirrels (Cai et al., 2004; Abnous et al., 2008) , and the present study concurs. Active phosphorylated p-Akt Ser-473 was reduced by approximately one-half in skeletal muscle, but Akt was unaffected in heart during long-term torpor (Fig.4) . Akt is only active in its phosphorylated and S6 protein over the torpor-arousal cycle in (A) skeletal and (B) cardiac muscle of I. tridecemlineatus. Representative western blot bands show p-4-BP1 (T36) detected at ~15kDa, p-p70 S6K (T389) at ~70kDa and p-S6 protein (S235) at ~32kDa. The housekeeping protein, GAPDH, is also shown. Data are means ± s.e.m. (N4-5 independent trials on tissues from five different animals). EC, Euthermic control; EN, early entrance into torpor; ET, early torpor; LT, late torpor; EA, early arousal; IA, interbout arousal. a, Values were significantly different from corresponding EC values (P<0.05). mTOR signaling regulation in hibernators form and so reduced Akt phosphorylation in skeletal muscle suggests a strong reduction of pro-Akt-mediated processes during torpor. This was indeed observed in the present study. Fig.3A shows that the phosphorylation states of two Akt downstream effectors, p-TSC2 Thr1462 and p-mTOR
Ser2448
, were strongly reduced during late torpor in skeletal muscle. This would lead to inhibition of the mTORC1 complex by two mechanisms: allowing inhibition of the complex by unphosphorylated TSC2 and reducing mTOR kinase activity because of reduced phosphorylation of the Ser-2448-activating site. Furthermore, the overall pattern of change in pmTOR Ser2448 content over the torpor-arousal cycle in skeletal muscle generally mimicked that of p-TSC2
Thr1462
, suggesting that the reduction in mTOR phosphorylation depended on the phosphorylation status of p-TSC2
, which is in turn regulated by Akt. Previous studies have found that overexpression of TSC2 results in inhibition of mTOR phosphorylation in a dose-dependent manner (e.g. Inoki et al., 2002) , and it has been suggested that TSC2 mediates the inhibition of mTOR phosphorylation in a competitive manner, by blocking the accessibility of mTOR to Akt (Inoki et al., 2002) . In cardiac muscle, however, the phosphorylation patterns of p-TSC2
Thr1462 and p-mTOR Ser2448 were different over the course of torpor. Levels of p-mTOR Ser2448 showed two distinct peaks in EN and EA, but the relative amount of p-TSC2 Thr1462 remained steady during EN (and torpor), although showing an elevated trend during EA (Fig.3B ). This suggests that there are other regulatory influences on cardiac mTOR over the torpor-arousal cycle. Cardiac muscle showed two peaks of increased p-mTOR Ser2448 content (~threefold) during entrance into and arousal from torpor whereas skeletal muscle showed elevated p-mTOR Ser2448 only during arousal, along with a strong depression during long-term torpor (Fig.3) . Overall, the evidence supports the action of Akt as a direct upstream regulator of mTOR and the reduction in Akt phosphorylation during torpor as a key influence on the activity of the mTORC1 complex, potentially leading to a depression of cap-dependent protein synthesis during torpor. The proposed mechanism of regulation is a phosphorylation cascade that alters the activity states of mTOR and its regulators as total protein expression levels of mTOR were stable between euthermia and hibernation (Fig.2) .
To expand the analysis of the regulation of the mTORC1 complex in hibernation, we next assessed the phosphorylation level of PRAS40 along with the protein expression of GL; these are two integral components of the mTORC1 complex (Kim et al., 2003; Vander Haar et al., 2007) . Relative phosphorylation levels of p-PRAS40 Thr246 were elevated during entrance and arousal stages of hibernation in skeletal muscle, and during the arousal stage in heart (Fig.3 ). It has previously been shown that Akt-mediated phosphorylation of PRAS40 at Thr-246 leads to its binding with the chaperone protein 14-3-3, inhibiting the ability of PRAS40 to block interactions between mTORC1 and its substrates (Kovacina et al., 2003; Wang et al., 2008) . The observed increase in phosphorylation of p-PRAS40 Thr246 in both skeletal and cardiac muscle suggests that the inhibitory effects of PRAS40 on mTORC1 are minimized during the heterothermic phases of hibernation when the animal is transitioning into or out of torpor. Similar patterns were observed in the expression of GL, with enhanced protein levels observed during entrance and arousal stages of hibernation in skeletal muscle (but not in heart). GL is a subunit of the mTORC1 complex, and it positively regulates the mTOR signaling pathway via stimulation of mTOR kinase activity (Kim et al., 2003 ). An upregulation of GL expression along with the decrease in PRAS40 inhibitory effects would potentiate mTORC1 activity in skeletal muscle during the entrance and arousal stages of hibernation.
These findings coincide with those of McMullen and Hallenbeck (McMullen and Hallenbeck, 2010) for I. tridecemlineatus liver, where an activation of mTOR was seen during both entrance and arousal stages of hibernation. These findings are plausible considering that the entry and arousal stages are arguably the most crucial phases of the hibernation cycle. Enhanced mTORC1 phosphorylation during the entry stage could support an increase in the synthesis of selected proteins that are crucial to long-term survival in torpor. Indeed, previous studies on ground squirrel have identified a number of proteins that are selectively upregulated during torpor including, glucose-regulated protein 78, peroxisome proliferator-activated receptors- (PPAR-), PPAR- coactivator 1-, and peroxiredoxins (Prdx 1, 2 and 3) as well as enhanced expression of a variety genes, among them NADH-ubiquinone oxidoreductase subunit 2, myosin light chain 1 ventricular isoform, fatty acid binding proteins, adipophilin, mitochondrial uncoupling protein 2, pyruvate dehydrogenase kinase 4 and RNA binding motif protein 3 (Fahlman et al., 2000; Hittel and Storey, 2001; Storey and Storey, 2004; Eddy et al., 2005; Brauch et al., 2005; Mamady and Storey, 2006; Morin and Storey, 2008; Yan et al., 2007) . These proteins are responsible for making crucial alterations that aid torpor survival, such as enhancing capacity for fatty acid metabolism and contributing to long-term cell preservation by elevating protein chaperones and antioxidant defenses. Previous studies have also shown evidence of intensified protein synthesis during arousal from hibernation; the increase of mTORC1 phosphorylation during the early arousal stages could support an enhanced protein synthesis as an aid to rapidly restoring euthermic metabolism and replacing proteins that were damaged during torpor before the animal descends into its next torpor bout (Zhegunov et al., 1988) .
Selected synthesis of proteins that combat potential reperfusion damage due to the rapid increase in oxidative metabolism may also occur during arousal. One such example is nuclear factor-like 2 (Nrf2), a transcription factor that upregulates antioxidant defense proteins, which increased by 1.5-fold during EA in cardiac muscle (Morin et al., 2008) . This could suggest that the increase in mTORC1 phosphorylation during the heterothermic stages serves to induce expression of genes responsible for regulating the metabolic processes required for transition into and out of torpor.
In addition to examining the mTORC1 complex and its upstream regulators, we also examined the state of the translational complex by analyzing the phosphorylation states of direct downstream targets of mTORC1, including 4E-BP1, p70 S6K play crucial roles in the assembly of the active ribosomal translational complex. The translational repressor, 4E-BP1, in its hypophosphorylated form interacts with eIF4E and prevents it from binding with eukaryotic translation initiation factor 4 gamma (eIF4G) to form the active cap-dependent translational complex (Hay and Sonnenberg, 2004) ; by contrast, phosphorylation of 4E-BP1 releases eIF4E to allow it to join the eIF4 complex. p70 S6K is a downstream kinase that phosphorylates and activates the ribosomal S6 protein, a crucial component of the 40S ribosome subunit (Pestova and Hellen, 2003) . It is well known that the phosphorylation status of S6 protein influences the rate of protein synthesis, an increase in S6 protein phosphorylation increasing the rate of translation initiation and elongation (Nielsen et al., 1982) . In ground squirrels in the present study, 4E-BP1 was hypophosphorylated during torpor (both ET and LT) in skeletal muscle, but in the early arousal stage, 4E-BP1 was hyperphosphorylated in both skeletal muscle and heart (Fig.5) . These data suggest that there would be increased eIF4E binding by 4E-BP1 during torpor that could potentially suppress translation; this is reversed again during arousal when 4E-BP1 becomes hyperphosphorylated. Similarly, 4E-BP1 was hypophosphorylated during torpor in liver of golden-mantled ground squirrels (van Breukelen et al., 2004) . The pattern of change in p-4E-BP1
Thr36 was similar to that seen for p-mTOR
Ser2448
, consistent with the known role of 4E-BP1 as a direct substrate of mTORC1. More importantly, this could implicate the mTORC1 complex in reversibly regulating the cap-dependent initiation of protein translation over the torpor-arousal cycle by regulating eIF4E availability.
mTOR is also known to regulate the translation of 5ЈTOP (terminal oligopyrimidine tract) mRNA, a small class of mRNA that encodes ribosomal proteins and translational complex proteins (Meyuhas et al., 1996) . The translation of 5ЈTOP mRNA is promoted by mTOR via activation of the 40S ribosomal protein S6 via p70 S6K (Schmelzle and Hall, 2000) . However, it should be noted that a recent study has suggested alternative signaling pathways that regulate the expression of 5ЈTOP mRNA upon mitogen stimulation (Pende et al., 2004) . In the present study, phosphorylation of p70 S6K at Thr-389 was significantly enhanced during EA in both skeletal and cardiac muscle (Fig.5) . Accordingly, phosphorylation of S6 protein at Ser-235 was elevated in both muscles during EA as compared with the previous LT stage (2.2-fold in skeletal muscle, and 2.4-fold in cardiac muscle) and in heart as compared with EC. Interestingly, the phosphorylation pattern of p70 S6K did not correlate with S6 protein in skeletal muscle and there was also a lack of correlation between the phosphorylation pattern of p70 S6K and the upstream regulators (TSC2 and mTOR). It has previously been suggested that the regulation of p70 S6K involves a complex hierarchy of phosphorylation events regulated by several kinases; phosphorylation at Thr-389 represents one of the early phosphorylation sites required for full p70 S6K activation (Pullen and Thomas, 1997) . However, the phosphorylation pattern of S6 protein at Ser-235 mimicked that of mTOR Ser-2448, where reduced phosphorylation was seen during torpor in skeletal muscle, and a strong increase was observed during early arousal in both muscles. Similar results were also reported previously for I. tridecemlineatus liver, where the phosphorylation pattern of p70 S6K at Thr-389 did not correlate with the pattern for S6 Ser-235 (McMullen and Hallenbeck, 2010) . Because mTOR does not phosphorylate S6 protein directly, a role for p70 S6K is still implicated, although activation of p70 S6K may depend on phosphorylation sites not assessed in the present study. As well, it should also be noted that phosphorylation of S6 Ser235 has previously been shown to be regulated via mTOR-independent pathways via mitogen-activated protein kinases (Pende et al., 2004) .
This study also provides a comparative analysis on the differences in mTOR signaling between cardiac and skeletal muscles over the torpor-arousal cycle. Hibernators endure long periods of skeletal muscle disuse during torpor; a comparable period of disuse by human skeletal muscle results in a significant decrease in functional capacity and loss of muscle mass, also known as atrophy (Lee et al., 2008; Brooks et al., 2011) . Previous studies have shown that golden-mantled ground squirrels (Spermophilus lateralis) experience some skeletal muscle atrophy during hibernation with a decrease in gastrocnemius and semitendinosus mass of 21 and 42%, respectively; by contrast, cardiac muscle experiences ventricular hypertrophy with an increase in tissue mass of 21% (Wickler et al., 1991) . Because skeletal muscle cells are terminally differentiated, the development of muscle mass is regulated by the balance of anabolic and catabolic activities (Stitt et al., 2004) . Studies have shown that activated Akt-mTOR signaling regulates loading of skeletal muscle cells by promoting protein synthesis; in addition, C.-W. Wu and K. B. Storey Akt actively inhibits the nuclear translocation of forkhead box O protein (FoxO), a transcription factor that promotes muscle proteolysis by regulating ubiquitin-proteasome pathways (Stitt et al., 2004; Sandri et al., 2004) . In the present study, the mTOR signaling network in skeletal muscle was suppressed during torpor, suggesting a potential decrease in anabolic activities in skeletal muscle. The physiological consequence of reduced anabolic muscle growth via reduced protein synthesis would be skeletal muscle atrophy, as previously observed in S. lateralis during hibernation (Wickler et al., 1991; Nowell et al., 2011) . Interestingly, however, Nowell et al. (Nowell et al., 2011) show that myosin remodeling and selective atrophy are early responses in the hibernating season and that atrophy is not progressive over the final 3months of torpor. This suggests that although some degree of atrophy is allowed, there is resistance to a continued loss of muscle mass. Our findings fit with this idea by documenting the reactivation of the mTOR pathway during arousal, which suggests that renewed protein synthesis to restore needed proteins can recur each time that animals arouse. A similar pattern in mTOR regulation was also observed in hibernating bats, where a decrease in p-mTOR during hibernation was coupled with a biphasic oscillation of p-mTOR expression during the postarousal torpor to re-arousal cycle (Lee et al., 2010) .
One characteristic of ground squirrel hibernation is the development of a hypertrophic cardiac muscle during torpor. Although the majority of physiological functions are suppressed during hibernation, the heart continues to function, at a substantially reduced rate (a decrease from 200-300beatsmin -1 in euthermia to 3-5beatsmin -1 in torpor) but requiring increased power output (Carey et al., 2003; Zatzman, 1984 ). The present study shows that the mTOR signaling pathway in heart was largely maintained in its euthermic pattern during torpor, suggesting that preservation of the potential for active protein synthesis is needed to support a hypertrophic condition and sustain cardiac work during torpor. The observed increase in cardiac mTOR signaling during arousal again suggests, as in skeletal muscle, an increase in translational capacity to support the rapid increase in heart rate during arousal, restore proteins that were damaged during the torpor phase, and enhance cellular defenses to minimize reperfusion damage (Morin et al., 2008; Yan et al., 2008) .
In conclusion, the present study examined the regulation of the mTOR signaling network and demonstrated that the mTORC1 complex is differentially regulated during hibernation in skeletal and cardiac muscle. Our data show that depression of the mTOR signaling pathway occurs during torpor in skeletal muscle and suggest that the regulation of mTOR plays a major role in reducing cap-dependent protein synthesis. The current data all support a state of translational depression during torpor (ET, LT) in skeletal muscle. The phosphorylation status of 4E-BP1 and S6 protein, the responses of members of the mTORC1 complex (mTOR, PRAS40, GL) and the changes in mTORC1 upstream regulators (TSC2, Akt) are all consistent with inhibition of protein synthesis during torpor. By contrast, cardiac muscle maintained mTOR signaling capacity at near-euthermic levels throughout torpor. Both skeletal and cardiac muscle show evidence of periods of enhanced mTOR signalingduring entrance into torpor and during arousal from torpor in the skeletal muscle, and during arousal from torpor in the cardiac muscle -supporting the idea that new protein synthesis is needed at both of these times. In particular, coordinated changes in mTOR signaling components indicate a strong enhancement of protein synthesis capacity during arousal. However, the mechanisms for enhanced mTOR signaling appear somewhat different between the two tissues based on the regulation of mTORC1 interacting proteins (PRAS40, GL). The differential regulation of translational capacity in skeletal mTOR signaling regulation in hibernators versus cardiac muscle may underlie the physiological consequences for these muscles over hibernation cycles -the trend to atrophy in skeletal muscle and hypertrophy in cardiac muscle. More importantly, the reversible nature of mTOR signaling demonstrates the unique molecular plasticity exhibited by thirteen-lined ground squirrels during hibernation.
